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MARINE P973ICAL LABORATORY PROGR3M IN
ACOUSTICS AND THE OCEAN ENVIROINIT

Contract 1O0001-75-C-0704
Period fram October 1, 1974 through October 31, 1980

Total Amount of Funding: *1,9*5,165

University of Californla, San Diego
Marine Physical Laboratory of the

Scripps Institution of Oceanography
San Diego, California 92152

Principal Investigatore(s)
F. N. Spiess and V. C. Anderson

INTRODUCTION

Under the Office of Naval Research Contract NOOO1 -75-C-070 , he
Marine Physical Laboratory conducted a diverse program of
investigations in the field of acoustics, both in the water and on the
seafloor. The results have provided a better understanding of the
effects of the ocean and its interfaces on the generation,
propagation# and applications of acoustic enerSy, with specific
application to problems of Navy interest. In addition, they have
contributed toward increased knowledge in other aspects of marine
science: geology, biology, chemistry, and physical oceanography.

The research work arrAL- . . .. .... -- ±- . ... - listed in

I C4eL.o4t Project 8V =e ries.
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Title of Project: nvristlAcoustics Research (UrnD 0058 and UCSD 06T6)

EATOV Supplemental bupport (Ur= 0192)

Principal Investigator: Fe N. Spiess

Under this amdment funding was provided over a tour year period
for investigations of the 4 kM.z acoustic properties of the sea floor.
Mucoh of the data were collected during NM' funded expeditions,
although one major operation in the North Atlantic was funded by ONE
(with broader geological objectives - our part of that multi-
Institutional operation vas funded under Iuenduent 01) and is treated
elsewhere In this report.

Results included descriptions of 4 Hz sound reflectivity and
absrpionIna variety of onvw at, Initially these funds

supported the work of Robert Tye* as a graduate student resulting in
his Ph.D. thesis Mte 1977a) and related papers (Tyoe, 1970, 1976,
1977b, 1961).

In its latter stages, proceeding from nomw Implications of Tyoe's
work, the focus was on the properties of normal incidence returns from
carbonate sediments. The apparent discrete layering vas shown to
result from Interference effects due to small changes occurring
pseudo-periodically with a wavelength corresponding to that of the
Incident 4 kHz signals. The results are reported In detail in the
Ph.D. thesis of Dr. Larry Mayer (Wayer, 19T9).
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Title of Project: Environmental Seafloor Acoustics (UCSD 0347)

NIL Program in Environmental aoustics (UCSD 0676)

Principal Investigator: F. N. Spiess

Precision transponder development was initiated in 1976 and was
carried through the developlent of a new type of transponder, for
which a patent was eventually obtained (U.S. Patent No. 4,214314)
(Spiess et al., 1980). Work on this project, which became oriented
toward the goal of participation in the Hunk and Spindel initial
acoustic travel-time measurement sea experiments, was terminated prior
to those operations because of schedule conflicts with other deep tow
expeditions. Permission was given by the technical officer at ONR,
Dr. Hugh Bezdek, to utilize these funds for general deep tow system
maintenance and improvements.

3
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TItle of Projet: Deep Tow Instment System Improvement (UCSD 1549)

PrInipal Investjaptor: . 1o Spiess

Under this oontraot we carried out the initial stages or
Luplemstation of the swath mapping (side-looking sonar
Interr ter) oapabilty. The subsequent oontract provided
additional fuding for this vork and it is anti lpated that the system
will be given a prellalmary test at a In January, 1961 on an BH
funded e pedttion In the Paoific. The target is full operation for

-% the N3R funded NION expedition soheduled In Mays 1981.
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itle of Projeot: A Submersible Program In exosan Water& (UCSD 0954)

Pr ncipel Investigator: P. F. Lonsdale

Submersible diving programs were oonduoted with DSV SEACLIFF
inside the Gulf of California and DSV TURTLE on seamounts at the mouth
of the Gulf. Results of these operations ae reported in the oruise
report by Lonadalo (Jauary 1978); and three scientific papers,
Lonadale and lsohoff et al. (1980); Lonsdale and Batisa (1980);
Lonadale and Laver (1980).

6
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Title of Projeot: Supplementary Funding for the Deep Tow Studies
in the North Atlantic (UCSD 1038)

Principal Investigator: P. F. Lonsdale

- A CTD instrument was purchased from Neil Brown Inc. and adapted
by our engineers for routine use as a sensor on the deep tow vehicle.
It was successfully employed on the North Atlantic cruise of
Expedition INDOMED, as noted in a cruise report (Lonsdale, December
1978). See Appendix B.

7

.. .. . .... . , - ... . .. , .• ." ': ' : .. J . ~ l 
' - r



MPL-U43/82

Title of Project: Ismmts of Mixed Layer Velocity with a Range
Gated Doppler Sons (UCSD 0418)

Augmentation for Masurements of Mixed Layer
Velocity with a Ranged Gated Doppler Sonar (UCSD 0626)

Principal Investigator: Robert Pinkel

Under the ters of this contract during the period 4 February
1976 through 31 January 1977, muoh of the pioneering research was done
an Doppler sonar techniques. The work centered on adapting an 87.5
ks depth sounder, borrowed trom Dr. Fred Fisher of the Nari a
Physical Laboratory, for physical oceanography research. The work
involved development of Doppler signal prossing electronios tests

at Lake San Vicente and installation of the modified sonar on the
research platform FLIP. This effort culminated In a successful data
collection cruise during January 197 off the California coast. The
first successful remote sensing of the ocean velocity field was
achieved on this cruise.

Work was Initiated on the investigation of small-scale low energy
features which were now resolvable by Doppler sonar techniques. The
first power spectra of sonar velocity data were oaloulated during this
period. Velocity spectra as a function of both frequency and
wavenumber were produced. The results of this study led to the

.publication of a paper on Doppler sonar msasurements (Pinkel, 1981).

.4
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'4 Title of Project: Acoustics and the Ocean Environment
(UCSD 0956 and UCSD 1267)

Principal Investigator: Robert Pinkel

Following a successful January 1977 sea trip it was felt
advantageous to develop a special purpose Doppler sonar transducer,
rather than relying on the existing converted echosounder for future
work. During late 1977 and early 1978 preliminary design studies were
performed on individual transduoers. Simulations of array performance
were also made. During late 1978 the prototype sonar war fabricated.
It would be operated at a peak power of 32 KW, an order of magnitude
greater than the previous sonar. The first test of the new sonar was
conducted from FLIP during January 1979. Measurements were achieved
to a range of 1.6 km,-.depth 1.1 ki; double the performance of the
previous sonar. Following the first test, only minor modifications
would be necessary to make the sonar operational.

In 1979 the necessary modifications to the new sonar were made.
A second array was constructed under the Office of Naval Research Code
220 sponsorship. Under funds from this contract a controller was
created to coordinate the operation of all of the sonars. A
microprocessor which sends commands to the various components of the
Doppler system is at the center of this controller. The time at which
each power amplifier is enabled, the sonar which it drives, and the
receiver circuit which listens to the echo are set by this controller.
In addition, the prototype power amplifiers and prototype signal

* processing circuits were replicated. The work was conducted in
preparation for a major data collection cruise planned for May 1980.
The cruise subsequently proved to be tremendously suooessful.

9
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Title or Project: Invironmental Acoustics Research (UCSD 0058)

Snviromental Seafloor Acoustics (UCSD 034TR)

Principal Investigator: George 0. Shor, Jr.

The primary goal under this task was to determine whether there
was a significant amount of energy propagated from near-surfae
sources to near-surface receivers in the very low frequency range via
the various sub-paths within the *refracted path' through the ocean
floor. Much of this energy probably travels by forward-sattering
processes due to inaomoenities in the seafloors, and so is not easily
amenable to theoretical calculation. On the theoretical side, a study
was made by Spudich on energy partition between the compressional and
shear modes of transmission, and compared with previously obtained
records in the area near Guadalupe Island, Mexico; this was published
as a Ph.D. thesis (Spudab 1979). Field observations were made with
a high dynamic rang. digital recording system using shots fired in the
Pacific Ocean west of San Diego. In these studies, it van shown that
energy in the bottcm-traeftitted slinls rises with decreasing
frequency at a rate higher than the ambient noise speoctra, down to the
low-frequency cutoff of the shot sources (in this case, 6 N). The
bottom-transmitted energy only becomes a significant portion of the

* total transmission at frequencies at this lo-end cutoff. Attempts to
build a long array (at low cost) adequate to determine the
direotionality of these arrivals were not successful; we could not
maintain adequately low levels of self-noise and reliability of
operation In such a long array at the necessary frequencies below 6
RE.

10
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Title of Project: Acoustics and the Oesan Environment (GCSD 1267)

Principal Investigator: F. H, Fisher

*1

In order to measure the pressure dependence of sound absorption
due to MgSO and its relaxation frequency in seawater several parallel
efforts haAv gone forward since this project comunoed in February
1978.

*, Since the key to success for this work rests on stable
temperature and pressure control within the 100 liter titanium
spherical acoustic resonator (ballast tank for the ALVIN borrowed from
-oods Hole) considerable effort has gone into assuring such stability.
A temperature controlled room (10' x 20' x 1') has been built to
house the temperature controlled vacuum chamber system for the
resonator. An automatic pressure control system has been purchased
from Hruska to keep the dead weigbt gage at constant pressure.

4i Experimental results have been obtaind by graduate student C. C.
SHsu at atmospheric pressure in water, 0.02 molar NgSO solutions with
various amounts of NaCl. Results oompare very well with prior
experimentalists. Theoretical and experimental papers are being
written for submission to Marine Chemistry, Journal of Solution
Chemistry, and the Journal of the Acoustical Society of America

Funding limitations have delayed implementation of pressure
system, but this was finished during the next fiscal year. The
pressure work on seawater at 250 will be completed during the coming
year 1 February 1980 to 31 January 1981.

11
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Title or Projeot3 Church Stroke 1 Data Analysis (UCSD 0878)

Principal Investigator: Gerald B. Morris

Analysis van performwd on the Large Aperture Nirin. Basic Data
Array (LUMBDA) during Exercise Church Stroke 1t to measure the
instantaneous deviation frm straightness and the front-to-back tilt.
These neasuremonts were performed using aircraft dropped SUS charges
at ranges of approximately 2000 motors on either side of the array.
Data from selected hydrophones were recorded for later prooessaing.
Tim differences of arrival of the direct pulse betwen hydrophons
distributed along the array were used to calculate the array shape via
a least-man-squares mthod.

The departure from straightness and array tilt were related to.

array sinal galn degradation. These results are reported in Duaca et

.
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Title of Project: Acoustics and the Ooean Environment (UCsD 0956)

Aoustic Delineations of Plankton Patchiness (UCSD 1258)

Principal Investigator: Paul R, Greenblatt

A large effort was made to assess the sources of acoustic
reverberation from an 87.5 klz sonar and to determine whether high
frequenc, bonars can be used to measure plankton distributions.

During an October 1979 FLIP cruise, mples were simultaneously
collected with a horizontally pointed 87.5 kHz sonar and a multiple
opening-closing plankton net. The net was towed either parallel to or
in the sonar beam. Over 300 zooplankton samples were collected.

Since the October 1979 oruise, a major effort has been made to
analyze the data from the sea trip. As the analysis phase is
completed, several conclusions can be reached. Based on three
independent approaches, it was concluded that the major soatterers
during the day were large oopepods and small euphausiids. At night,
the principal scatterers were small nekton (midwater fish and squid)
and large euphausiids. The major scales of variability were larger
than the sampling program could resolve (i.e., a red wavenumber
spectrum). The scales of variability did not change from day to night
or with animal size. However, the total variance of both volume
scattering strength and zooplankton biomass was greater at night than
during the day. Interesting migration patterns were observed and
interpreted.

The details of the results are presented in Greenblatt (1980,
1981, 1982a, 1982b) and Greenblatt et al. (1982).

13
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Title or Project: ultibem eho Sounder Investigations (UCSD 1w6T)

Principal Investigator: Robert C. Tyoe

During the contract period of 1 April 1979 through 31
January 1980, a study was conducted by Dr. Robert Tyoe regarding
signl and data processing options related to mltibem echo sounders.
In particular this study Included the follwing efrts:

1, Iztended discussions with the Barris division of General
" Instrments Corp., the builders of the SAS and Sea Bee mltibeam

echo sounder systems, at their pucduction facility In Mssohbusetts.

2. Participation in noise iaume t tests aboard the R/T
CONRAD during the smmer of 1979, for prediction of multbem
performance on this clas of ship.

-3. Discussions with theavy research oomninty regarding
oxperienaoe with ultibeam echo sounders, including the BOAT33
development group, George Noss at NORM, ARL Tezas,, and the Naval
Oceanographic Office.

As a result of thes investisitlons and disousaons, It was
2 concluded that the multibee. echo sounding system called Sea Deam

would be a reasonable technology for installation aboard AM class
research ships provided additional bubble noise and interference
tests were performed. Sam of the Sonar technology involved In this
system was deemed In need of mdernization, but adequate for the
present, and with miniml alternatives other than custom construction.
Bubble noise and Interference tests were suocesseully conducted In a
subsequent contract. Results of all these efforts were CoMmnicated
directly to the program manager, Dr. Thomeas Pyle, in advisory
discussions oonoerning multibeam echo sounder implementation.

71
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on the previous leg were recovered, though they had only a 50% success rate.

In Rockall Trough we made straight deep-tow transacts of both the northwest
(Rockall Plateau) and southeast (Irish continental slope) margins, and of the toe
of a large debris flow on Feni Ridge. A 3-day period of unusually calm veeather (when
the ship could be manoeuvered on its forward cycloid) allowed a transponder-navigated

2 deep-tow survey of another part of this flow. Time wa3 also spent on to-Ang a
3.5 kHz pinler-probe, and on coieing vith an improvised giant corer.

Ne deep-tow equipment employed on the expedition included an experimental
XPL nephalometer (attached to the deep tow instrument during one lowering in Haury
Channel), a filtering pump for sampling suspended particulates, a planktou net,
and a danging thermweter to search for hydrothermal eianatious. Significant
improvements to the side-scan sonar and 4 kHz systems also proved successful-

The empetts vas severely handicapped by failure of norr's aft cycloid,
which xeduced the plamned deep tow work by about 50Z, and dictated a change in the
style of operatias =my frou the most effective survey patterns. The other major

• disappoISnOnts me lom of the Giant Piston Core at its first lowering, and poor
succes xe te of the S.Z.O. current USters.
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SUMMARY REPORT APPENDIX A
'PBLICA$IOS ON DEEP TOW RESULTS

Charlie-Gibbs Fracture Zone
1) Lonsdale, P., and Shor, A. N., "The oblique intersectio- of the Rid-Atlantk

Ridge with Charlie-Gibbs Transform Fault", Te.ctonoohysics, v. 54, p. 195-209, 1979.

2) Shor, A., Lonsdale, P., Hollister, C. and Spen:er, D., "Charlie-Gibbs
*" fracture zone: bottom water transport and its geological effects", Dee2-Sea Research,
*' v. 27A, in press (1980).

* Reykjames Ridge
3) Shih, J., Atwater, T. and McNutt, M., "A near-bottcm geo.iysical traverse

* of the Reykjanes Ridge", Earth and Planetary Science Letters, v. 39, p. 75-83, 197S.

- ?Maury Channel
4) Lonsdale, P., Hollister, C., and Mayer, L., "Erosion and deposition in

interplaIn channels of the Maury Channel syltem, northeast Atlantic", Oceancolo.ca
Acta, v. 4, p. 185-201 (1981).

5) Loansdale, P., "Abyssal analogs at.artian outflow chanale-s", Icarus
. submitted.

at ton-Gardar Drifts
6) McCave, I., Lousdale, P., Hollister, C., and Gardner, ".., "Sediment

transport over the Rattan and Cardar contourite drifts", Journal of Sedimentary
Petrology, w. 50, p. 1049-1069 (1980).

-. 7) Lonsdale, P., "The abyssal circulation of the northeast: Atlantic:
hydrographic and geologic inference, and direct measurement", (in prep.).

Icelandic insular rise
8) Loansdale, P., and Hollister, C., "Cut-offs at an ab".taia meander -th of

- Iceland", Geology, v. 7, p. 597-601, 1979.
9) Lonsdale, P., and Hollister, C., "Geomorphologit, of v the interaction

*': of thermohaline and tnrbidity currents south of Iceland", (L prep.j.

Rockall Trough
10) Flood, R., Hollister, C., and Lonsdale, P., "Disruption of the Tea sediment

drift by debd.s flows from Rockall Rank", Karine Geology, v. 32, p. 311-334, 1979.
11) Lonsdale, P., and Hollister, C., "A near-bottom traverse of Rockall Trough-.

hydrographic and geologic inferences", Oceanoloxical Acta, v. 2, p. 91-105, 1979.
12) Tyce, R., "Acoustic reglectivity of the sea floor-a close 4 kZ look,"

Geophysics, submitted.

In addition there are papers reviewing larger areas that use substantial
* amounts of NATC7 data, e.g..:

to:e ]Lonsdale, P., and Spiess, F. N., "Abyssal bedfor-s explo:ed with a deeply

towed instru--mtc. package", Marine Geology, v. 23, p..57-75, 1977.

Several other papers report.data from ancillar7 progra=s coaducted on NAMM',
which included coring for mass physical properties studies (A. Silva) and isotope

*. measurements (V. Bowen) and useeof a WHOI pinger-probe (WJ. Dow a=d' E. Lain.).
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DISSERTATIONS

Several of the Woods Hole/..I.T. and Scripps students who took part in the
cruise used fMTOW deep tow data for substantial parts of their theses, e.g.:

K. Wishner (Scripps), "The biomass and ecology of the deep-sea benthopelagic
* " (uaar-bottoam) plankton, 1979.

K. Crane (Scripps), "Hyd:othe -al activity and near-axis structure at mLd-ocean
spreading centers", 1977.

R. Tyce (Scripps), "Near-bottom obserTations of sea floor acoustics", 1977.
J. Shih (WRHOIAIT), "The relationship bet-wen spreading rate, roughness and

style of ocean floor relief, and the morphology of mid-ocean ridges -from analysis of
deep tow bathymetric profiles", 1930.

R. Flood (ORO/MIT), 'Studies of deep-sea sedimentary microtopography in tb
Nlorth Atlantic Ocean", 1978.

The uaterial I so = of these dissertations is still being revised and
submitted for publication.
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IEDPORMS AND THE BNTHIC BOUNDARY LAYER IN THE
NORTH ATLANTIC: A CRUISE REPORT OF MNED LEG 11

Peter Lonsdale

ABSTRACT

In August and September 1978, deep-tow surveys were
conducted with R/V Melville at four sites in the North
Atlantic: a field of mod waves on the Moroccan
continental rise; a patch of hyperbolae-creating
bedforms with interfingering debris flows on the
Saharan continental rise; an area of abyssal furrows
near the crest of Eastward Scarp on the Bermuda Rise;
and a field of furrowed sediment waves on the
southwest Bermuda Rise. In addition to near-bottom
acoustic records, the deep-tow instrument collected
stereo photos, CTD and nephelometer data, and samples
of bottom water and suspended sediment. There were
also current eter, hydrocast and coring stations.
This report includes preliminary deep-tow maps of each
site, locating photo runs and samples, and presents a
few typical sections of data.

INTMDUCTIcU

The primary mission on Leg 11 of Scripps' 20-month Expdition INDONED was to
conduct near-botto surveys of four sites in the North Atlantic where the shape of the
deep sa floor has been affected by fast bottom currents. The principal survey tool was
the Neine Physical Laboratory's deep-tow instrument system (Spiess and Tyce, 1973). We
hoped that at some of the sites the currents responsible for such superficial geologic
features as bedforim and erosional surfaces were still active, so that by masuring and
correlatIng properties of the ocean's bottom layer and the sedimentary seabed we might
disentangle and understand sediment-water interaction. in the benthic boundary layer.
However, direct hydrographic evidence for fast modern currents was lacking at all of the
chosen sites, so an important part of our field program was to deploy arrays of
near-bottom current meters. They monitored the speed and direction of prevailing bottom
currents, albeit only for the 3-6 days available for each survey. Additional
masurement of bottom water properties was carried out on samples collected by
Niskin-bottle hydrocasts and by 9-1tre bottles attached to the deep-tow instrument.
This vehicle also carried a Neil Brown CTD, whose measurements were digitally logged at
1 to 10 second intervals, a filter pump for collecting suspended sediment, and, on one
loweri g, a Lament long-term nephelomter which recorded near-bottom turbidity every 7.5
min. Several piston and gravity cores were collected from sites whose lithology, or
litbologic diversity, had not been adequately established by previous bottom sampling.

In addition to personnel from the Scripps Institution of Oceanography, the
scientific party aboard R/V Nlville included investigators from Woods Hole
Oceanographic Institution, the University of Rhode Island, and Lamont-Doherty Geological
Observatory. Their involvement in the deep-tow research effort was separately funded by
OM contracts with those institutions. Part of the station time was also spent
deploying a long-term current mater plus tima-lapse camera (for M. Wimbush, U.R.I.),
retrieving long-term current meters, nepheloeters and sediment traps from the northeast
Bermuda ise (for B. Lain*, U.R.I.; W. Gardner, Lamont; and M. Richardson, Woods Hole),
and retrieving a long-term current meter from the southwest Bermuda Rise (for 3.
Tucholke, Lamont). No results of these ancillary operations will be presented in this
cruise report. Its purpose is to present preliminary aps of the deep-tow surveys,
locating sampling and camera stations; to describe the quality and probable usefulness
of the deep-tow data at each site; and to show samples of dep-tow records, suggesting
some of the questions they address.

2-1-
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Most of the Investigators on INDWID Leg 11 also participate in OUR a 118b
hmergy Denthic Boundary Layer Experiment, a long-term program on parts of the deep-sea

* floor sept by feet currents. hithough the geographic focus of this efforts in the
I. continental rise at the western boundary of the North Atlantic, our cruise baa been

designated, rather ex post facto, 13 Cruise 2.

(~RISM NUATMV

1 3/V Melville departed Cediz. Spain, on the evening of 11 August 1978, and arrived
In St. George, Dermoda, 33 days later, on 13 September. A brief Intermediate stop of 2
hours wee mae at Santa Cruz do Tenerife, Canary Islands,* where we picked up needed
scientific sapplies and bad a physician come aboard to treat our sick.

The overall disposition of time on the leg is shown on Fig. 1. During the long
traverse of the North Atlantic we processed much of the data from the two eastern sites,
and while underway mapped the structure of the surface mixed layer by taking XBTe at

* frequent (2 hour) Intervals, as part of a global study of ocean surface temeratures by
L. lanyon, UO1.AX. Magnetic end 3.5 k~s profiler data were collected along mast of the
track, aecept during the briaf run from the last station Into port, when all hends
frantically disassembled and packed equipment In preparation for a complets 'if f-load :in
Bermuda.

.4DME

LEG I

URI MO~l ISEIinSTWRD I7
Sl. .CRPi MINOadU ,loaCCAINNXDLg 1
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The field program was designed primarily to test the presence of any eastern
boundary current and to measure its properties; to resolve the morphology and internal
structure of the mid waves and the bedform responsible for hyperbolic echoes; and to
establish whether the bedforms were erosional or depositional, whether they were in
equilibrium. and if so whether relationships between properties of the flow and of the
bedforms could be identified. in addition, we examined the morphology, structure and
lithology of deposits from debris flows whose distal ends had entered a zone of well
developed hyperbolae: debris flows are Important agents of downslope sediment transport
at this continental margin (Ebley and Jacobi, 1977).

broccan Rise Survey
- The site selected for our survey of Moroccan Rise mud waves is In the

northeastern part of the field, where regional contours trend almost east-vest. A line
of current meters (attached to transponders and 50 m above the seabed) straddled the
lower (northern) boundary of the mud wave zone; Meters 1CR and 2CR malfunctioned, and
the others recorded slow net flows to the northeast (Fig. 3). The fastest current speed
measured during the four days of operation was 9 c/sec.

A deep-tow profile up the rise began on the gently slopilg terrain near Meter
6CM, but most of the deep tow effort was concentrated in a 60 km area between 4250 m
and 4310 m. There is complete side-scan sonar coverage of most of this area, but the
only distinct targets on our side-scan records are the free- vehicle packages that we
had deployed. About 600 stereo photos show a lumpy, heavily burrowed mud bottom, with
few superficial tracks and trails. Your samples of near-bottom water were collected by
deep tow's bottles, but at least two of them were so turbid that they must have been
contaminated with seabed sediment. A bottom hydrocast, with Niskin bottles for
collecting suspended material, was successfully completed after stressful delays caused
by problem with the bydrovinch.

The deep-tow bathymetric and 4 kHs profiles establish that these mud waves have
an average wavelength of about 0.7 ka, and are oriented 30* oblique to the regional
contours and to the measured current which parallels the contours (at 3CR, in the survey
area). The acoustic signature of the shallowest resolvable stratum changes across the
crest of each wave, becoming thicker and showing Internal reflectors on the nearly
horizontal upelope face; this Indicates that the processes maintaining the wave form and
its upolope migration continued to be active as the upper 3-4 a of the sediment section
were deposited. A pair of 6 m piston cores (86P and 87P) were collected from upslope
and doumelope faces of adjacent waves.

Further analysis of data from this site will include better definition of mud
*, wave morphology by removing the regional 0.5° slope of the rise from the soundings;

integration of core and 4 kHz profiler data for the study of wave asymmtry and
migration rates; and careful analysis of the CTD data to see how the benthic boundary
layer structure is affected by the presence of bed corrugations. A short section of CTD
temperature data that has already been examined suggests that the bottom mixed layer
(about 50 m thick over most of the survey area) is thinner and less distinct in the
deeper part of the survey area, and water teusperatures above the mixed layer show a
spatial variation that is directly correlated with the bathymetry of the waves (while an
inverse correlation would be expected if isotherms tend to parallel the seafloor).

Sehsra Rise Survey
The site selected for our survey of eastern boundary hyperbolic echoes (Fig. 4)

is near 26ON, 50 km northeast (downstream) of a 50 km gap between two seamounts (Echo
Sank and Papp Seamount) that project through the thick sediments of the rise. Although
It use possible that the nearby eamounts might complicate the flow pattern, this site
had the advantages of well-developed hyperbolae, mapped by a thorough surface ship
sMWy (Mbley at &l., 1978); well defined upper and lower limits to the hyperbolated
som (at about 3850 and 4040 m, respectively); and the impingement of tongues of debris
flew deposits.

Near-bottom current meters were deployed in a line down the continental rise,
straddling the 50 km-vide band of hyperbolae (Fig. 5). Two meters over the smooth
seafloor of the upper rise recorded slow net currents, upalope (7Cm) and to the south
(1), with a large superimposed tidal componenet. Meters 11CR and 10CR, over the
hyperbolated zone, recorded a northeast flow, parallel to the contours and to the highly
elongste N. tidal ellipse; maximum speeds were 18 cm/sec. Unfortunately, there was a
malfuictoR in Meter 9CM, over the smooth and almost horizontal seafloor below 4040 a,
so we were unable to test whether the northeasterly current was restricted in width to
the Son of bedforms.

i -5-
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The deep-tow survey (Fig. 4) straddled the lover boundary of the hyperbolated
none. The linear corrupation# responsible for the hyperbolas shom up well on side-scan
sonar records (igs. 6), except where the tracks are nearly orthogonal to their trend and
In the near field where the ange of Incidence of sound waves Is nor* than about 20*.
We therefore acquired overlapping side-scan coverags, with approximately north-south
tracks, of a large fraction of the survey area. Debris flow surfaces are also
distinctive on the side scnrecords, became of their email scale roughness, especially
near their edges and termini. Abhout 1200 stereo pairs of bottom photos were taken on 10
photo runs, one acress smooth, uncorrupated seafloor, 3 *cross debris flow tongues
(showing a hummocky se&aed with occasional free-standing moated clats), and the
reminder across the linear bedforms (which lack sharp breaks of elope, And are not well
displayed en Individual frame.). A piston core (89?) saapled the calcareous sediment of
the bedfomms, and two others (88P and 90?) sapled both this material and the overlying
1-2 a thick debris flow deposit.
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* Analysis of the cores and 4 Hz profiles Is required to determine whether the
linear bedfor Is are erosional furrows or depositiona' ad waves. The bedforz field is
not a generally flat surface dissected by grooves, like the furrow fields In terrigenous
sediment on Ilake-aam Outer Ridge (Nollster et &1.. 1974) or Bemuda Rise (see
below); the entire seafloor Is corrugated with continuous slopes.* and sore closely
resembles furrows In calcareous sediment near the Samoan passage In the southwest
Pacific (Lonadals and Spiess, 1977). one hint that the features might be depositional
Is that subbottom reflectors seem to parallel the seafloor. Wb expect that analysis of
the superposition of the bedforme and dateable debris flows will clarify the chronology
of bedform development. Som of the debris flow surfaces are corrugated (Fig. 6).
perhaps because thin debris flow deposits have maintained a fairly constant thickness
over preexisting linsated relief, and at some debris flow margins secondary tongues of
debris can be seen to extend along bedforu troughs.

Bottom photos of scoured seabed prove the efficacy of modern currents for
sediment redistribution at this site. Opportunities for explaining bedf or.
characteristics by measured bottom water properties include relating their wavelength to
the spatially changing thickness of the bottom mixed layer (monitored by the deep-tow
ICT), and Interpreting their unusual pattern of as a response to. the reversing currents
that were Measured at current meters 10CH and 11CM. Moet linear landforms on Earth have
branches that open In the upstream direction, but those in the survey area have branches
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" Figf. 6. A pair" of side-scan records from the Saharan Rise, showingf linear along-slope
ibedfrm parallel to measureld throaiecurrents, adcrosscutn dersfo .

% open to both the soutwest and northeast. Because the tidal currents are faster than the
., thermohaline flow, and have an elongate ellipse parallel to the latter, the bottom
o. current regime is one of alternating northeast and southwest flows, and this may explain
i the bimodal branching direction. The dominant role of the tides for moving bottom

water, and presumbly sediment, help explain why we find such well developed linear
qe:.!,bedform atea site with quite slow predicted, and measured, thermohaline currents.

~BERMUDA RISE OPERATIONS

~Justification
The Bermuda Rise has thick deposits of terrigenous sediment far removed from

terrestrial sources. Thermohaline currents have been responsible for transporting
sediment from. the North Amrican margin to this mid-ocean site of deposition; in places

these currents have also caused erosion of the rapidly deposited sediment. The return
flow of the deep Gulf Stream is thought to be the principal supplier (Lamne, 1978).

; After flowing southwest across the Sohm Abyssal Plain it encounters the northeastern~Bermuda Rise at a steep slope knoim as Estw1ard Scarp. Since the exploratory

photography and coring of R/V Eastward, this region has been the focus of intensive
seismic profiling, which established the acoustic stratigraphy, identified outcrops of

roughness. There had also been more coring, including the collection of long cores for
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geotechnical studies (Silva et al., 1976), and a hydrocast transect by R/V Endeavor
which found high concentrations of suspended sediment in bottom water beside the scarp.
A few months before our INDOHED 11 survey, a pair of moorings that included
nephelometers and sediment traps, as well as the first deep current meters in this area,
had been tethered near the top and bottom of the scarp. Our objectives during the six
days spent at the northeastern Bermuda Rise were to retrieve these moorings and take
bottom hydrocasts alongside them, and to complement the large amount of surface-ship
data with deep-tow observations and measurements of the near-bottom currents.

The southwestern Bermuda Rise is thought to be swept by northward-flowing
Antarctic Bottom Water (e.g., Heezen et al., 1966; Tucholke et al., 1973). Regional
profiler and coring surveys by Lamont had identified areas of seafloor, in both
extensive patches and strips a few kilometers wide, that returned very "fuzzy" or
hyperbolic echoes indicative of regular roughness. The objectives of our near-bottom
survey there were to enhance interpretation of the surface ship data by identifying and
describing the roughness elements, which were presumed to be bedforms, and to measure
properties of the bottom water that might explain their form, distribution and genesis.
We also recovered a bottom current meter mooring that had been deployed a few months
earlier, by Lamont, about 90 km north of the site chosen for the deep-tow survey.

Eastward Scarp Survey
Deep-tow effort was concentrated in a transponder-navigated survey near the

crest of Eastward Scarp, straddling a hyperbolated section of the acoustically laminated
sediment that blankets the plateau, the erosionally truncated edge of this section at
the plateau rim, and part of the outcrop of the underlying "acoustically transparent"
section. The hyperbolae on surface ship records were found to be caused by linear
erosional furrows, similar to those discovered by deep-tow on the Blake-Bahama Ridge in
1973 (Hollister et al., 1974). The survey area was at the corner of the plateau rim, in
the angle between Eastward Scarp and the side of an orthogonal fracture zone valley, one
of several deep reentrants in the scarp. We did make one long deep-tow profile that
began on the gently undulating plateau surface 10 km from the survey area, and extended
down Eastward Scarp to the Sohm Abyssal Plain (Fig. 6). Except at the steep foot of the
scarp from 5100 m to 5500 m, where the seafloor truncates gently dipping "acoustically
transparent" strata, this entire slope has furrows of varying size and spacing developed
in acoustically laminated sediment. Photographs were taken at frequent intervals down
the irregular slope (Fig. 6). At the end of each photo run we made a vertical excursion
of 100-200 a to collect CTD profiles: changes in mixed layer thickness can be related
to changes in bedform spacing, and the CTD data can complement the results of the
Endeavor hydrocast transect. A single photo run was made during our short tow across
the edge of the smooth, unfurrowed Sohm Abyssal Plain.

The transponder-navigated survey (Fig. 7) is the most complete mapping of an
abyssal furrow field. Overlapping side-scan sonar coverage was obtained for most of the
survey area, so that furrow trend, continuity and branching frequency is well
determined. The furrows bend smoothly around the corner of the plateau, from a
southeasterly orientation (parallel to the fracture valley) in the northern part of the
survey to a southwesterly orientation (parallel to Eastward Scarp) in the south. The
direction of furrow bifurcation, from which the sense of flow can be inferred, is very
consistent (Fig. 8). Three meters (15, 17 and 18CM) 100 n above the furrow field
recorded average flows of 7.5 to 10.3 ca/sec, in each case exactly parallel to adjacent
furrows; the remarkable feature of the records is the extreme steadiness in direction,
though the speed has a tidal fluctuation of about 4 cm/sec. About 700 stereo photos
were taken in the furrow field; on those photo runs in the southwestern part of the
survey some details of the bed are obscured by murky bottom water, but elsewhere water
is clear enough for good photography. Some furrow walls have oblique ripples, similar
to those on some Blake Outer Ridge furrows (Hollister et al., 1974).

We expect to learn much about the dynamic geomorphology of erosional furrows by
analysis of he deep tow data - which includes continuous near-bottom CTD measurements
-- from this field. An advantage for understanding furrow genesis is that the northern
part of the survey includes the beginning of many of the furrows, so that we can see how
they start in a spatial sense. In the northeastern part of the survey we also mapped,
for the first time, the ends of large furrows, which end abruptly with "birds-foot
terminations" (Fig. 9) formed by the splaying of short distributaries. Since the
near-bottom currents are parallel to furrow trends, we can use the patterns mapped by
side-scan to infer streamlines (Figs. 6, 1); these show, for example, that the water in
the branch of thermohaline current that flows southeast along the contours of the
fracture valley changes depth by over 150 m as it negotiates the corner of the plateau.

-9-
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The outcrop of the "acoustically transparent" section in the eastern part of our
survey area was found to have a smoothly streamlined surface that lacks furrows but has
some small-scale bedforms (showing up in our photographs) that include transverse
ripples. The fastest current we measured (average velocity of 13.7 cm/sec at 14CM) was
over this eroded outcrop; another meter (16CM) over the "transparent" section (which on
our near-bottom 4 kHz profiles shows distinct subbottom reflectors) monitored a steady
southeasterly current, but the speed recorder failed to work. A free-vehicle package
that has current meters and a time-lapse camera was deployed by M. Wimbush at 32052'N,
57"29.0'W, near the position of 16CM; it will be recovered in 1979 after several months'
operation. The erosionally truncated "transparent layer" outcrop at the foot of our
long profile of Eastward Scarp (Fig. 6) had a streamlined surface with crag-and-tail and
moated nodules and rock fragments, all indicative of fast currents; current meter 13CM,
higher up the lower slope on furrowed terrain, measured an average flow of only 4.0
cm/sec.

33O9dN 32055,N 325io'N 3245*N 3240'N
57025'W 57020'W 57" 41tW 5740'W 57005'W

4E

" ~FRA4CTURE ZO5 30/ 0 ,

.7.T. d o--ed og aPL A Ns

DoEEP TON PHOTO RNl

.: OUTCROP Ol"ACOUSTICALLY

TiispouI r STRATA 410 0
"--: NYSSAL PLAIN TUIFMOITM

-- " - - -- 4400m

ZOIT0O RUNS EASTWARD SCARP

s 4700,9- _

HATTEAS I I

M0 Moet

Fig. 7. The dese-tow survey site and long traver~se at Estward Scarp, Bermuda Rise.
xnfarred streamlines for the bottom current are drawn parallel to mapped furrows in the
&@&floor. zrgt shows location of this site and the one on the southwestern Bermuda
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Fig. 9. Side-ocan sonaer record of a typical pattern of furrows on the northeast Bermuda
Rise (soutluvat of Meter 17CR In1 Fig. 8).
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Pig. 10. Side-scan sonar record of bedformu near the wes tern margin of the furrowed
region (northeast of Mtor 16CM in Fig. 8), showing distinctive shape of their
dwnmtream trminations.
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Because enough cores had been collected on earlier cruises, we took no bottom

samples at this site. The only hydrocasts taken were at the long term moorings we
retrieved, about 16 ka northwest and 60 km east of the deep-tow survey.

Southwest Bermuda Rise Survey
Profiles across a large area of the rioe near its southwestern margin with

Hatteras Abyssal Plain show patches of hyperbolated seafloor 1-100 km across. We chose
to study a small region where a Lamont profiler survey had established the regional
pattern of these patches: around 29*50'0, 6850'W, roughened seafloor occurs in 1-2 km
wide strips that extend south-south-west from a much broader patch of hyperbolae (in
which a Lamont long-tern current mater w1s deployed). The profiler records show that
the roughened areas, with low sea-bed reflectivity, are on the western faces of 20-30 a
high mud waves.

The deep-tow survey (Fig. 10) was centered on the crest of a mud wave that
bifurcates in the northern part of the survey area. The Toughness elements ere found
to be large slots or furrows up to 15 a deep and 30 a wide. They are similar in scale
and their steep-aided morphology to the large erosional furrows mapped by deep tow near
the boundary of the Bahama Outer Ridge and Abyssal Plain (Hollister et al., 1974), but
are more closely spaced (Fig. 11). Individual furrows seldom branch, and extend for
several kilometers, obliquely across the mud wave's west face. This side of the
asymmetric, westward migrating wave has a thickened superficial stratum, evidently
caused by more rapid sediment accumulation there (Fig. 12). The deep-tow survey
encompasses the next wave to the east, whose western face has a similarly thickened but
undissected sediment lens, and the furrowed crest of the next wave to the west. At the
end of the survey, the tow was extended east to the furrowed face of another wave
(beginning about 2.5 km east of Photo Run 4-10, mapped In Fig. 10).

The entire area of seafloor between the clearly furrowed strips, including nd
waves' eastern faces and troughs, seem to be covered with subtle lineations whose
amplitudes are so small that they have no obvious effect on surface-ship records. These
bedforms were recorded by our near-bottom side-scan sonars only under optimum conditions

f68"50'W

5.44 DEEP TOO TRKR

MLPoto RUN• " " "€. NTO nu

/"-!. " / + .i--lIST/ 20CM CURRENT

• ~ ... ;,/.

/~ o I WK / . R'E''IE

.,,. .-. ... ¢onvis ,ca[

4-3-

80uto IN t B B w st



Lonsdale

0
.0

q

" 0

W
I.-

2Z 0

a or
"' 0

ofi low ale of sdwe cideneonr rcs nrly parallthesto ted lieinear The
aepralle to treargpe inFirows, anme ntte atio mud wacrestsc adow n anth

foot of the west faces. Seven deep-tow photo runs were taken in these "unfurrowed"
areas (Fig. 10), and many of the photos show shallow linear depressions with gently

~sloping unrippled walls. Stereoscopic examination will be required for proper
interpretation of these photos, and of those from three photo runs in the area of large
furrows, which show abrupt breaks of slope and local patches of transverse "ripples".

Two meters 100 m above a mud wave trough (2000) and western face (2104, at the
umrgin of a furrowed strip) recorded slow but steady northeasterly currents; average
velocities for the 2.7 days were 4.2 cm/sec and 3.0 cm/sec. respectively. Two other
meters, one over the furrowed crest of a wave and the other over a trough, did not

~produce good records. The measured northeasterly flow direction is readily predictable
from the mapped geomorphology: the current is 30 e oblique to the mud waves (as at the
MoIroccan Rise), and parallel to the superimposed furrows (as at Eastward Scarp).

More effort than at our three other sites was expended in collecting deep-tow
~CTh data over these furrowed mud waves. We made frequent "CTD runs", involving vertical
b . excursions of about 200 m through the bottom mixed layer, in an attempt to map bottom
L water structure. One reason for this emphasis is that we had attached a Lamnt
~nephelometer, retrieved from one of the moorings on the Derur-da Rise, to the deep-tow
~vehicle, and it successfully measured water clarity every 7.5 minutes during the tow.

*Q Water samples collected for suspended sediment filtration by deep-tow bottles and a
Niskin cast should complement these nephelometer data.

A preliminary interpretation of this site is that the upstream faces of mud
waves oriented 30° oblique to the measured currents have suffered preferential erosion
by incision of furrows parallel to the current. Profiler records show that the
dissected slopes were once areas of preferential deposition. To test whether the
pattern of erosion could be explained by different edibility of diffevent lithologies
on the tw face. of a mud wave, we collected a pair of wide-diameter gravity cores (91G
and 92C). A comparison of the sediment from two faces of the same mud wave will add to
a regionael study of the lithologic difference between hyperbolated and smooth parts of
the southwest lermuda Rise that is being carried out at Lamont.
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